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A M3TKODFOR~G CLOUD-IX301?IEI’IMPINGEMENTON SWEPl?WII?GS

By RobertG.BorschandRinaldoJ.Brun

Thegeneraleffectofwingsweepon cloud-droplettrajectories
aboutsweptwingsofhighaspectratiomovingat subsonicspeedsis
discussed.A methodof computingdxoplettrajectoriesaboutyawed
cylindersandsweptwingsispresented,andillustrativedroplettra-
jectoriesarecomputed.

A methodof extendingtwo-dimensionalcalculationsof droplet
impingementonnonsweptwingsto sweptwingsispresented.It is shown
thattheextentof impingementof clouddropletsonan airfoilsurface,
thetotalrateof collectionofwater,andthelocalrateof impinge-
mentperunitareaofairfoilsurfacecanbe foundfora sweptwing
fromtwo-dimensionaldatafora nonsweptwing. Theimpingementona
sweptwingisobtainedfromimpingementdatafora nonsweptairfoil
sectionwhichisthesameasthesectioninthenormalplaneofthe
sweptwingby calculatingalldimensionlessparameterswithrespectto
flowconditionsin

Theefficient
andtheassessment
a knowledgeofthe

thenormalplaneofthesweptwing,

lT1’lTIOIIJCTIOl!J

designofa thermalice-protectionsystemfora wing
oftheheatrequirementsofthesystemnecessitate
expecteddistributionof impingingsupercooledcloud

dropletsoveranairfoilsurfaceexposedto a givensetofmeteorological
conditionsinflight.Becausea closed-fomnsolutionfortheequations
ofmotionof a dropletintheflowfieldaroundan airfoilgenerally
cannotbe obtained,theimpingementcalculationsarebestperformedwith
theaidof a differentialanalyzerorothercomputingmachine.Two-
dimensionalcalculationsofdropletimpingementon variousairfoils,
obtainedwithcomputingmachines,sreavailab>einreferences1 to4.
Inasmuchas relianceon suchpublishedimpingaentdataisoften
necessaryinthedesignofprotectivesystems,an extensionoftheuse
oftheavailabletwo-dimensional(nonswept)impingementdatato include
sweptwingsisdesirable.

TheanalysisconductedattheNACALewislaborato~to extendthe
useofthetwo-dimensionalimpingementdatato sweptwingsispresented
herein.

—.— —. —— —--
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SYMBOLS

a

Q
d

%

K

L

Re

Reo

s

T

t

u

u

v

h

Wp

w

Thefollowingsymbolsareusedinthisreport:

dropletradius

dragcoefficientforspheri~ldropletsinair,dimensionless

droplettismeter

collectionefficiency,dimensionless

inertiaparsmeter,tiensionless

cyl_in&erradius,orairfoilckrd l=@ (meas~edno=l ~ lead-
ingedge)

Reynoldsmuiberwithrespectto droplet,dimensionless

free-streamReynoldstier, dimensionless

distanceon surfaceof airfoilmeasuredfromleading-edge~ord
point,ratioto chordlength

airfoilthiclmess,ratioto chordlength

time

free-streamvelocity

dimensionlesslocalairvelocity,ratioof localairvelocityto
eitherfree-streamvelocityorprojectionoffree-streamvelocity
h normalplane

dimensionlesslocaldropletvelocity,ratioofactualdroplet
velocityto eitherfree-streamvelocityorprojectionoffree-
streamvelocityinnormalplane

rateoftotalimpingementofwaterperunitspanlength

rateof localhpingementofwaterin dropletform

liqiid-watercontent

f+’
In
k
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x,y,z

.

a

P

. Pa

Pw

T

*

$*

2931

dimensionlesscoordinates,ratioof cooriklnateto eitherchord
lengthor cylinderradius

angleof attack

localimpingementefficiency,dimensionless

angleof sweeporyaw

viscosityof air

densityofair

densityofwater

time,dimensionless

scaleparameter,dimensionless

streamfunction

Subscripts:

1

max

n

s

u

x

Y

z

lower -

referredto

referredto

upper

normalplane

free-stresmplane

componentinx-direction

componentiny-direction

componenth z-direction

MWLYSE

FlowField

A knowledgeoftheflowfieldabouta sweptwingis requiredin.
thedroplet-impingementcalculations,becausethenmtionof a droplet
is governedbythemomentumofthedropletandby thedragforces

.
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hrposedonthedroplet%y therelativemotionbetweenthedropletand
k

theairwhichismom alongthestreamlinesaroundthewing. The
dropletmomentumtendsto keepthedropletrimingina straightpath, .
while-thedragforcestendto forcethedroplettofollowthestream-
Mnes.

Becauseof itsgeometricandaerodynamicsimpMcity,theproblem
of impingementon a yawedcircularcykbXlerwillbe consMeredfirst.
Themethoddevelopedforthecylinderwillapplyequallywe~ to a
sweptwing,andthisapplicationwillbe discussedindetailina sub- !+In
sequentsection. z

Theincompressiblenonviscousvelocityfieldarounda yawedcircular
cylinderofinfinitespancanbe dividedintocomponentsinthex-,Y-2
andz-directions,as showninfigure1. Theright-rectangularcoordinate
systemisestablishedsothatthecenterlineofthecylindercoincides
withthez-ssd.s.Theangleofyaw T ismeasuredwithrespectto the
negativex-axis.Theflowinthexy-plane(normalplane)isthessme
astheflowabouta nonyawedcircularcylinderwhichhasa free-stream
velocityequalto thecomponentofthefree-streamvelocityinthenormal
planeUs cosT. Thevelocitycomponentinthez-directionis a constant
throughouttheflowfield,andthemagnitudeofthecomponentisdeter-
minedby theprojectionofthefree-streamvelocityonthez-axis
us sinr.

TheeffectofyawonthestresmMnesandlocalairvelocityvectors
canbe illustratedby an exampleinwhichtheflowfieldabouta yawed
circularcylinderispresented.Forthisexample,theyawedcyklnd.eris
assumedorientedinanx,y,z-coordinatesystemas showninfigure1.
Thesngleofyaw y withrespectto thefree-streamdirectionis 30°.
Theprojectionoftwostreamlines,selectedforillustration,Won the
xy-andxz-plauesis showninfigure2. (Themethodof calculationis
giveninappendixA.) Alsoshownaretheprojectionsofvelocityvec-
torsuponthexz-planeat variouspointsinthesheet(surfaceperpen-
dicularto thexy-planeconta~n thestreamline)whichcontatiseach
streamline.Considerabled.evlationofthestreamlinesfromtheprojec-
tionofthefree-streamdirectioninthexz-planeisindicatedinthe
figure.ThecurvatureofthestreamEnesinthexz-planeisduetothe
factthat,whereasthe Ux componentchangesb magnitudewith x and
y,Uz isa constantindependentof x or y. The z velocitycom-
ponentUz isa constantthroughouttheflowfield,becauseina
frictionlessfluidit is equalonlytotheprojectionalongthez-axis
ofthefree-streamvelocityUs andisnotinfluencedby theperturba-
tionveloci~ofthecytiderinthexy-plane.Themaxhmmcurvature
ofthestreamlineprojectionsinthexz-planetakesplaceinthose
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streamlineslocatedneara surfacedefinedby thestagnationstream-
lines.Thismaximumcurvatureofthestagnationstreamlinesistobe
expected,becausealonga stagnationlinewhere Ux becomessmall
(closetothebody),Uz isrelativelypredominantandthedisplacement
isprimarilyinthez-direction.

MethodofCalculatingDropletTrajectories

Inasmuchastheprojectionofthepathofanairparticleinthe
xz-planedoesnotremaininthefree-streamdirectionbutratherisa
curvedpath,theprojectedpathofthedropletsinthexz-plsnewill
alsobe curved.Becauseof inertia,thedropletswillbedeflected
lessfromthefree-stresmdirectionthanwilltheah. Thedimension-
lesseqyationsthatdescribethemotionof dropletsalonga trajectory
ina three-dimensionalflowfieldcanbewrittenintermsofthex-,
y-,andz-componentsasfollows(refs.5 and6):

dvx
dT

dvy
T.

dvz
dT

where

and

TheReynoldsnumberRe
fromthefollowingrelation:

()Re 2— =(ux-
Reojs

.

where
-.

1

.**(UX-VX) (la)

CDRe 1

‘7z-dw- Vy) (lb)

.~; (uz-vz) (lC)

tu~
T=—

L

a%s==2%——
9 w

(2)

withrespecttothedropletisobtained

VX)2+ (Uy- Vy)z + (Uz- VZ)2 (3)

2apaUs
ReO,s= -

f-
(4)

—— ——— .— ——-.— — —...——
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Thecoefficientofdrag @ isa functionof Re.
@ correspondingto variousvaluesof Re areobtained
mentaldragdata(ref.7).

NACATN 2931

Thevaluesof
fromexperi-

Thesolutionof equation (1) to obtainthree-dimensionaldroplet
trajectoriesabouta yawedcylinderofinfinitespanisnotverymch
moredifficultthanthetwo-dimensionalsolutionforthenonyawed
cylinder,becausetheairvelocitycomponentsUx and Uy areinde-
pendentof z andbecausethedropletandairvelocitycomponentsin
thez-directionareequal.BecatiseVz = Uz,thereisno z-component
ofdrag,andequation(lc)reducesto:

dvz
F“”

and

z=

Furthermore,eqyation(3)

UZT+ constant

reducesto

()
2

Re
%, B

= (Ux- VX)2-I-(Uy- VY)2

(5)

(6)

Becauseofthepropertiesoftheflowfielddiscussedinthepre-
cedingpsragraph,theprojectionofthedroplettrajectoriesonthe
xy-planecanbe obtainedby theshultaneoussolutionof equations(la)
and(lb)withtheaidofa clifferentialanalyzer.Themannerof cal-
culatingisthessmeasthetwo-dimensionalmethodpresentedinrefer-
ence6,iftheco~onentofthefree-streamvelocityinthenormalplane
isusedthroughoutthecomputationsinsteadofthefree-streamveloc-
ity us. Inordertoperformthiscalculation,bothsidesofequa-
tions(1)and(6)sredividedby COS%. Thus,allvelocitiesareused
intheformof a ratiotothenormalcomponentofthefree-streamveloc-
ity;T becomesTn = tU#Lj andequations(2),(4),and(6]become

2apaUscosT 2apaUn
Reo,n= ❑ —.

P P
and

()Re 2— = (Ux,n- ‘~,n)2+ (Uy,n-
‘%,n

(8)

‘y,n)
2 (9)

A
In
&

—- —
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respectively.Thetiensionlessequationsofthex- andy-componentsof
ktion ofthedropletalonga trajectoryarenowina formidenticalto
thatoftheequatio~fora nonyawedcylinder.In addition,thex- and
y-components ofthevelocityfieldabouta yawedcylinderwill.be ina
dimensionlessformidenticaltothatofthex- andy-componentsfora
nonyawedcylinder(appendixA).

The~rojectionofthedroplettrajectoriesuponthexz-planeis
obtainedby thesimultaneoussolutionof equations{la)and(5),which
isaccomplishediftherelationbetweenx and Tn isknown.This
relationbetweenx and ?’ncanbe obtainedfroma differential
eaalyzerasit solvesthe~-componentofthetrajectories.Thevalue
of z correspondingto thevariousvaluesof x canbe obtatiedfrom
equation(5),where Uz,n = Vz,n = tanT (appendixA).

SampleDropletTrajectoriesAboutYawedCylinder
,

Three-dhensionaldroplettrajectorieswerecalculatedfora yawed
cylinderforconditionswhere”theinertiaparsmeter Kn is equal to

2.78andthefree-streamReynoldsnruiberinthenormalplane R~,n is
equalto 100. Theprojectionsuponthexy-andxz-planesoftypical

droplettrajectoriesareshowninfigure3. Thestartingordinate
(at x = -es)inthexy-planeforeachtrajectoryis given by thevalue
of yo in tiefigure.

8weptWings

Thecalculationof droplettrajectoriesabouta sweptwingcanbe
accomplishedby themethodusedfortheyawedcylinderinthepreceding
sections,iftheflowfieldabouta sweptwingisapproximated(except
nearthefuselageandwingtips)by theincompressiblenonviscousflow
aboutaninfinite-spanwingof zerotaperat anangleofyawequal
tothesweepangle.Thisapproximationis validforwingsofhigh
aspectratioandsmalltaper.

Thenonviscousflowfieldabouta yawedwingofinfinitespancan
be~btainedinthesamemannerasthatfortheyawedcy13nderby deter-
- thecowonmts inthenormalxy)plane(fig.4) andthecom-

[lymentparalleltotheleadingedge z-tiection).Theflowfieldin
thenormalplaneisdeterminedfromtwo-dimensionaltheoryby usingthe
airfoilsectioninthenormalplaneandthecomponentofthefree-
streamvelocityinthenorm&lplaneUs cos~. Asbefore,the
z-componentisconstantthroughouttheflowfield,beingsimplythe
projection ofthefree-streamvelocityuponthez-axisUs sinT.

. ..— — — -.— —
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Whenthe
(fig.4),’the

sweptwingisata free-streamangleof
effectiveangleofattackinthenormal

NACATN 2931

attack~
plane,to a close

appro~tion, is ~ = ~ secT andthecomponentsofthefree-stream
velocityare Us sinI_aand Us cosT@ where Ta istheanglebetween
us =d Un. Forsmallanglesofattack,Ta is forallpracticalpur-
posesequalto T andtherefore~ canbeusedwhencalculatingthe
componentsofthefree-streamvelocity;however,thecorrectedangleof

. attackas secT mustbeusedinobtainingtheflowfieldinthenormal
plane.

Airstreamlinesabouta 651-21-2airfoilat450yawandanangleof
attackinthenormalplaneof4° (~= 2.80)areshowninfigure5.
Theprojectionofthreestreamlinesonthexy-planefrom x = -1 to 0.1
is showninfigure5(a),andtheprojectiononthe=-planeis shownin
figure5(b).Themethodusedtoobtainthestreamlinesisgivenin
appendixB. As forthecylinder,theprojectionsofthestreamlinesin
thexz-planedeviatefromtheprojectionofthefree-streamdirection
becauseof changesin Ux. Thedetitionfromtheprojectionofthe
free-stresmdirectionisconsiderablylessfortheairfoilthanfora
cylinderwiththesamechordlength,aswouldbe expectedfromcompari-
sonoftheveloci~fieldofa thinbodywiththatofa bluntbody.

sampleDropletTrajectoriesAboutYawedWing

Theprojectionsuponthexy-andxz-planesoftypicaldroplet
trajectoriesabouta 651-212airfoilwith ~ = 2.8° (~ = 4°) andat
a yawangleof45°sreshowninfigure5 forvaluesof Kn = 0.1
ad Reo,n = 128. As inthecaseoftheairstreanMnes,thereisless
curvatureofthexz-projectionofthetrajectoryfortheairfoilthan
fortherelativelybluntcylinder.Forexample,up to about1 chord
length (X = -1, fig.5(b)) aheadofthewingthedropletsareessen-
tiallyundeviatedfromthefree-stresmplane;whereas,forthecylinder
theyareundeviatedonlyup to about2 diameters(x= -5,fig.3)ahead
ofthecykinder.

RESUUCSANDDISCUSSION

ItwasshownintheANALYS18thattheequationsofthex- and
y-componentsofmotionofthedroplettrajectoriesandoftheair-
velocityfieldarounda sweptwingcanbe putinthesame&bnensionless
formasthex- andy-componentsofmotionforthetwo-dimensional
(nonswept)case.Becauseoftheidenticalformofthedimensionless
equations,it ispossibleto obtainthexy-projectionofthedroplet
trajectoriesarounda sweptwingfromtwo-dimensionaltrajectorydata
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byusingthecomponentofthefree-stresmvelocityinthenormalplane
andtheangleof attackinthenormalplanecorrespondingtothegiven
angleof sweepY whenevaluatingthevarious&bnensionlessparameters.
Theprojectionofthetrajectoriesinthexz-planecannotbe obtained
fromtwo-tie~ionaldatawithoutrecalculationwitha differential
analyzer. A Imowledgeoftheprojectionofthetrajectoriesinthe
xz-planeisnotusuallyneededinorderto obtainanappraisalofthe
~tiement of dropletson a sweptwing,becausethemotionofthedrop-
letsinthexz-planetiesnotinfluencethechordtisedroplet-
@@3ement distributioncalculatedfromtrajectoriesinthexy-plane..
Thespanwisedisplacementofthedropletsdoescausea smallspanwise
shiftinthepointof impingement.Fordropletsofumiformsize,the
xY-@?@emeIltpatternisthusdisplacedspanwisea small~mtj but
a$thetrajectoriesinthe~-planearenotdependenton z,theimpinge-
mentdistributionon an airfoilsectioninthenormalplaneisthessme
atallspanwise(z)positionsalongthewing. If thecloudconsistsof
dro@etshavinga distributionof dropletsizes,eachsizewillbe
shiftedspsnwisea sli@tQ different~~tj hutthenetchordwise
@?@3ementtitheno- planeateachspanwisestationwill be the
sameasthenethpingementcal.culatedfromthexy-componentofthe
trajectorieswhenthegivendroplet-sizedistributionisused.

Exampleof applicationoftwo-dimensionaldatato sweptwing.-
Thedeterminationofdropletimpingementona sweptwingfromtwo-
dimensionaltitscalculatedfornonsweptwings,suchm presentedin
references1 to 4, isbestillustratedwithanexample.

Fortheexsmple,a wingwitha 651-212airfoilsectioninthenormal
planeis sweptto anangleof45°. Thechordlengthinthenormalplane
is ~feet, andthefree-streamangleof attackis 2.8° (~ = 40). The

sweptwingisassumedtobe movinginthefree-streamdirectionat
525milesperhourthrougha cloudcomposedof dropletsallofwhichare
20micronsin di~eterj theliquid-watercontentofthecloudis assumed
tobe 0.2grsmpercubicmeter;andthefree-airtemperatureis -no F
ata pressurealtitudeof 20,000feet.

Theextentof impingementontheairfoil,therateof collectionof
totalwater,andtherateof impingementperunitareaofairfoilsurface
canbe foundforthissweptwingfromh-dimensionaldataforanNACA
651:212nonsweptwingpresentedinreference2,protidedthevaluesof
thedimensionlessparamet=srequiredforenteringthedatafiguresof
reference2 arecalculatedforthenormalplane.Therequireddimension-
lessparameters~, ~n,and Reo,n forthesweptwingare

.

.

_.— — —-—— -—..-— —
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Un =U~cos T=371 mph

d%
~ = 1.704xlo-~ & = 0.09

dpaUn
Reon = 4.813x10-6— = 131

v
9
and

*n=‘%,n
%

= 1455

NACA~ 2931

.

(Factorsrequtiedforconvertingfromself-consistentunitsrequiredh
eqs.(1)to (9)tounitsmst commonlyusedinaeronauticsaregivenin
ref.2.) Zypicaldroplettrajectorieswhichapproxhnatelycorrespond
tothesevaluesof & and R~,n aregiven in figuze5. Fromthe
methodofreference2,thefarthestpointofimpingementontheupper
surface~ oftheairfoilobtahedfromfigure6(a) (~= ~n and
R% = R~,n) is0.025chordlength,andthefarthestpointof impinge-
mentonthelowersurfaceS2 (fig.6(b))is0.14.Thecollection
efficiency~ correspondingtothesevaluesof R~,n and ~n
iS0.24(fig.7). Therateoftotalwaterin dropletformimpinging
onthesweptwinginpoundsperhuurperunitspan(pemlleltothe
lead3.ngedge)is

El
E

.

.

,,

Wm= 0.329E#TUswCOST = 5.86lb/(hr)(ftspan)

Theterm cosT isintroducedintotheequationto accountforthe
increasedspanwiselengthofwingsweepingouta givenvolumeof cloud
in comparisonwithan identicalnonsweptwingmovingwiththesamefree-
streemvelocity.Thatis,thewatercollectionrateperunitspanis
reducedby cosT forthesweptwing,whichis consistentwiththe
mathematicalartificeofconsideringtheairfoiltobe movingforward
inthenormaldirectionwitha velocityUs cosT.

Themaximumlocalimpingementefficiencyfactor& obtained
fromfigure8 is0.55,whichoccursat 0.008chordlengthalongthe
lowersurface.Thelocationoftheregionofmaxhmmllocalin@lgement
isofimportancewhendeterminingthemosteffectivelocationofthe
partingstripona cyclicalthermalde-icingsystem.Themaximumrate
of localimpingementis

.

Wp,msx= 0.329Usw& COS~ COS~ = 13.39lb/(hr)(sqft)

.—
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Similarcalculationsforan identicalnonyawedwingmovingatthe
samefree-streamvelocity(525mph)inan identicalenvironment
(d,20microns;w, 0.2g/cum;temperature,-no F at 20,000ftpressme
altitude)givethefarthestpointof impingementontheuppersurfaceas
0.028chordlengthandthefarthestpointof impingementonthelower
surfaceas 0.17chordlength,thecollectionefficiency& equalto
0.28,thetotalwatercatchas 9.67poundsperhourperfootspan,the
maximumlocalimpingementefficiencyk equalto 0.58,andthemaxi-
mumrateof localhpingementWp,maxequalto 19.98poundsperhour
persquarefoot. (Forpurposesof comparison,theassumptionhasbeen
madeinthisparagraphthattheimpingementdataofreference2 are
validbeyondthecriticalMachnumberofthenonsweptwing,whichmay
notbe true.)

Themethodforobtainingtheimpingementona sweptwingwasderived
fora wingof zerotaper.Thecalculationsfora wingwithsmalltaper
canbe madefromtheimpingementdatainthesamemanneras suggested
inreference2 fornonsweptwingswithsmalltaper.

Theimpingementona yawedcylindercanbe obtainedfromtwo-
dimensionaldataby a proceduresimilm’tothatillustratedforthe
sweptwing. Thepertinentdimensionlessparameters,conversionfactors,
andpracticalunitsforthecircularcylinderaregiveninreference6.

Transformationofairfoilsectionfromfree-streamplanetonormal
plane.- Themethoddiscussedforobtainingimpingementona sweptwing
fromtwo-dimensionaldatarequiresa knowledgeoftheairfoilsection
inthenormalplane.If a swept-winglayouthasitsdesignairfoil
sectioninthefree-streamplaneratherthan inthenormalplane,then
it isnecessaryto determinetheairfoilsectioninthenormalplane.
Thistransformationcanbe madeby multiplyingtheairfoilordinates
by thesecantofthesweepangle.Thus,theairfoilsectionfoundfor
thenormalpbne willhavea thicknessratiowhichislargerby the
factorsecY. Forexample,at40°sweepanglea wingwitha 6-percent-
thickairfoilsectioninthefree-streamplanewillhaveapproximately
an 8-percent-thick(7.83)airfoilsectioninthenormalplane.In
addition,formostairfoiltypesthesectioninthenormalplanewill
be,toa satisfactoryapproximation,a maber ofthesameairfoil
familyas theairfoilsectioninthefree-streamplane.Noncambered
airfoilsgenerallytransforminthismannersoasto correspondmore
closelyto a memberinthesamefsmilythandothosewithappreciable
camber.

Valueofxz-projectionofdroplettrajectories.- Althoughthe
projectionsofthedroplettrajectoriesuponthexz-planearenotneeded
fordeterminingdropletiqingementupona sweptwing,a knowledgeof
thexz-projectionisof valuewhenconsideringtheimpingementofdrop-
letsonsmallwingappendages.Thisknowledgeisparticularlyuseful
whenconsideringtheimpingementonappendageslocatedneartheleading
edgeofa sweptwing,suchasboom-mountedpressure-sensingelements,wing

,. —. .—.._—_— —— .—_..
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fences,andsmallleading-edgeinlets.Althoughthesedeviceswill
changethelocalflowfieldto some@ent, theimpingementzonewould
generallybe expectedto extendfartherbackontheinboardsideof .
protuberancesandontheoutboardsideof cavitiesthanon theo~osite
or “shadowed”sideoftheappendagesattachedto a sweptbackwing.
Forappendagesattachedtoa sweptforwardwingthesamethingwould
occur,exceptthat‘Outboardmand“inboard”shouldbe interchangedin
theprecedingsentence.

Applicationto supersonicvelocities.- Theprecedingsectionshave
specificallytreatedonlytheextensionof droplet-impingementdatafor

r-l
In
k

nonsweptwingsto sweptwingsmmtng at subsonicvelocitiesinan
incompressiblefluid.Thesamegeneralapproachcanbe employedto
obtainhupingementdatafor sweptwingsofhighaspectratiomovingat
supersonicspeedsfromnonswept-wi.ngimpingementdatacalculatedfor
supersonicvelocitiesina compressiblefluid.Thisextensionis
possiblebecause,irrespectiveofthemagnitudeofthevelocity,the
componentoftranslationofmy cylindricalbodyh thedirectionof
itslong&s hasno effectonthemotionofa frictionlessfluid.The
flowsrounda wingof constantsectionmovingthrougha fluidatrest
isdeterminedby thenormalcomponentsof velocityofitssolidbound-
aries,andthesecomponentsinturnarecompletelyspecifiedby the
componentofmotioninplanesperpendicularto theaxis Us cosT
(ref.8). Thus,theimpingementona sweptwingofhighaspectratio
movdngat supersonicvelocitycanbe determinedfromtwo-tiensional

.
.

(nonswept-wing)datacalculatedfora wingwiththessmeairfoilsec-
tionas-theno= sirfoilsectionofthe-
anidenticalenvironmentata Machnumiber
forthenormalplsmeofthesweptwing.

CONCLUSIONS

An analysisofthegeneraleffectof
toriesabouta sweptairfoilanda method

sweptwingandmovingthrough
equaltotheMachnumberfound .

sweeponthedroplettrajec-
of calculatingthedroplet

trajectorieshave~eenpresented.Theextentof imping&entofcloud
dropletsontheairfoilsurface,therateof collectionoftotalwater
in dropletform,andthelocalrateof@tngementperunitareaofthe
airfoilsurfacecanbe foundfora sweptwingfromtwo-dimensionaldata
fora nonsweptwingwiththesameairfoilsectionasthesectioninthe
normalplaneofthesweptwing. Thevaluesofthedimensionlessparam-
etersrequiredinorderto interpretthetwo-tiensionaldataarecal-
culatedwithrespectto thenormalplaneofthesweptwingratherthan
withrespecttothefree-streamplaneasistheusualprocedurefor
nonsweptwings. .

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,February12,1953

.
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CALCULATIONOF S‘mEAMmESANDVErmcm VECTORSABOUT

cIRfXLm (mm?DER AT YAwANGCIEr

A cylinderorientedwiththeaxisalongthez-axisof an
x,y,z-cartesiancoor-te system(fig.1)isconsideredforthethree-
,,ctimensionalderivationofthevelocityfieldarounda yawedcylinder.
Thestresmfunctionfornonviscousincompressibleflowinthexly!-plane
usingpolarcoordinatesrl and O andlettingV* = O atthesurface
ofthecyhder is

where L isthe
superscripthave

(Al)

radiusofthecylinder,andthetermswiththeprime
thedimensionsoflength.Or,in dimensionlessform

(A2)

where (r=r’/L) and ~*/UnLaredlmensionless.Forvsrious~*/UnL
values,thex- andy-coorMnties(x and y aredhensionless),which
canbe obtainedfromequation(A2),givetheprojectionof thestream-
lineuponthexy-plane.

Theprojectionofthestreamlineinthexz-planecanbeobtained
asfollows:ThestreamXbesinthexy-planeareditidedintosmall
13nesegments.Thex-componentof velocitycorrespomlingto the
ithsegmentisdeterminedfromtheaverageofthevelocitiesdetermined
by the x and y valuesoftheendpointsoftheithsegment.5e
timerequiredforanairparticletotraveltheithsegmentofa trajec-
tory is

4
(ATn)i“~

Thedisplacementinthez-directionwhile
a distanceAxi inthex-directionis

&i= (A’rn)i(U.,n)i

theairparticletravels

— —. .—.- -



14 NACATN 2931

IYomanyarbitrarypointaheadofthecylinder,foreach xi

zi= ‘$ (ATn)i(uz,n)i= %z,n$ (A?n)i
o

sinceUz,n is constant.

The
circular

dimensionlessvelocity
cylinderatyawangle

componentsoftheflowfieldabouta
T are

[

X2
Ux,n = -9

U8 Cosr = 1- (X2+ y2)21
Ut
z us sinr

Uz,n = Us cosT = us CosY =tanr

wheretheveloci~componentswiththe@me superscripthavetheusual
dimensionsassociatedwithvelocity.

Projectionsuponthexy-planeof streamlinesabouta 300-yawed
cylinderfor $*/UnL= 0.19 and ~*/UnL+ O (infinitesimallygreater
thanzero)areshowninfigure2(a).ThecorrespontUngprojections
uponthexz-planealongwiththeprojectionsinthexz-planeof the
veloci~vectorsinthesheetscontainingtheselectedstreamlinesare
ShOwZlinfig 2(b).

—
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APPENDIXB

.

.

CALCUIA!I!IONOF ~

651-212AIRFOIL~ YAW

MD VELOCITYVECTORSABGUTWINGWITH

ANGLE T AmANGIEoFfwT!AcKae

Fora winginanx,y,z-coordinatesystemwithitsleadingedge
alongthez-axisandthefree-streamdirectionatanangleY with
thenegativex-sxis(fig.4),theequationsofthevelocitycomponents
oftheairflowaboutthewingcanbe written(byusingthevortex
methodofref.2“andsummingthecontributionsof 300vortexelements
distributedonboththeupperandlowersurfacesoftheairfoil)

300

E~(t-x)
l$. u6cosY- —M+uBcosrsin~2=2

i=o

U;=u s siny-

where ~ and v aretiensionlesscoordinatepoints(ratioto chord
length)ontheairfoil,r isthedistance(ratioto chordlength)from
an element of thevortexsheetto a pointintheflowfield,S isthe
distance(ratioto chordlength)fromchordhe measuredalongthe
surfaceoftheairfoil,thesubscriptS refersto theairfoilsurface,
andtheprimesuperscriptindicatesthata termhastheusualdimen-
Sions●

Dividingbothsidesby thenormalvelocitycomponentyields

300u!
x

u!
x Eus(y-q)

‘x)n= AS+cosw
us Cosr ‘u;= 2*2

i=o

.—______ ._ ———z —
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.

Thesumnationtermsintheequationswerecomputedwiththeaidof a
punched-cardelectroniccalculatingmachine(%ef.2).

Inasmuchasa closed-fomusolutionoftheequationofthestream-
IJneswasnotavailable,thestreamlbeswereobtainedby a simultaneous
solutionofthefollowingequationswiththeaidofthedifferential

wherethesubscript

Thepro~ections
a 651-212airfoilat
& angleofyawsre

x=~+Y~,ndTn

Y= y.+ J ~,n ‘Tn

Z~zO+~,nTn

O referstothestartingcoordinate.

ofthestreaiMnesinthexy-andxz-planesfor
a normalangleofattackof4° (~ = 2.8°}smd
showninfigure5.
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